SUMMARY: Intravascular sonography is a valuable tool for the morphologic assessment of coronary atherosclerosis and the effect of pharmacologic and nonpharmacologic interventions on the progression or stabilization of atherosclerosis. An analysis of the different modes, applications, and limitations is provided on the basis of review of existing data from multiple clinical case studies, trials, and mechanistic studies. Intravascular sonography has been used to assess the outcomes of different percutaneous interventions, including angioplasty and stent implantation, and to provide detailed characterization of atherosclerotic lesions, aneurysms, and dissections within the cerebrovascular circulation. Evolution of intravascular sonographic technology has led to the development of more sophisticated diagnostic tools such as color-flow, virtual histology, and integrated backscatter intravascular sonography. The technologic advancement in intravascular sonography has the potential of providing more accurate information prior, during, and after a medical or endovascular intervention. Continued assessment of this diagnostic technique in both the intracranial and extracranial circulation will lead to increased use in clinical practice with the intent to improve outcomes.
C
urrently there are 3 types of sonography used to assess the extracranial and the intracranial circulation: 1) transcranial Doppler, 2) B-mode sonography, and 3) intravascular sonography (Table) . The morphologic appearance of the intra-arterial and intravenous circulation can now be visualized by using intravascular sonography, which has become a commonly used diagnostic technique for randomized clinical trials assessing coronary plaque progression and regression. 1 With excellent resolution, intravascular sonography provides cross-sectional images of both the arterial wall and lumen and identifies intimal flaps and irregularities, and the composition and extent of the atherosclerotic plaque. [2] [3] [4] [5] [6] Evolution of the intravascular sonography technology has led to the development of more sophisticated diagnostic tools such as colorflow, virtual histology, and integrated backscatter intravascular sonography. 7 The successful application of conventional (gray-scale) intravascular sonography in the coronary arteries has led to its application within the extracranial and intracranial arteries. Recently, intravascular sonography has also been used to identify and characterize carotid artery aneurysm, dissection, and thrombus. 8 Intravascular sonography has been used successfully to assist in making measurements before and after percutaneous transluminal balloon angioplasty and stent placement, with emphasis on the identification of stent underexpansion, poor apposition, subacute stent thrombosis, and plaque protrusion. 9, 10 Real-time dynamic intravascular sonography of the cervical common carotid artery and internal carotid artery can detect defects that are not readily apparent by conventional angiography, such as residual stenosis, suboptimal plaque coverage, arterial dissection, poor wall apposition of the stent, superficial calcification, atherosclerotic plaque progression or regression, and plaque ulceration. [11] [12] [13] The sensitivity and specificity of intravenous sonography is higher than those of angiography and MR imaging for studying the vessel lumen diameter and characteristics. 14, 15 High extracranial carotid artery lesions are best evaluated with intravascular sonography because they are not well visualized with conventional noninvasive sonography. 16 The growth of endovascular practices and intravascular sonography capabilities has set the stage for broader use of this technology in neuroendovascular procedures across the United States (Fig 1) .
Conventional Gray-Scale Intravascular Sonography
The intensity of reflected signals that are collected by the intravascular sonographic transducer enables the creation of conventional gray-scale images. 7 The elastin and collagen organization within the arterial wall provides the substrate that leads to different sonographic scattering properties between the individual layers. Sonography presents the intima (inner layer) as a white (hyperechoic) signal and the media as a dark (hypoechoic) and echolucent signal. The surrounding adventitia, the outermost layer, produces a white (hyperechoic) signal. The arterial wall of the normal elastic arteries typically has a homogeneous appearance when imaged by intravascular sonography, secondary to the elastin in the media. Hypoechoic (dark) media are seen when muscular arteries are visualized, due to the presence of arterial smooth muscle cells (Fig 2) . 17, 18 The common carotid artery and the distal internal carotid artery both have a muscular and elastic component. Manninen et al 18 consistently found 3 different circumferential signal-intensity patterns in the distal internal carotid artery segment visualized by intravascular sonography, during life and after death. The common carotid artery typically has a characteristic homogeneous structure. 18 The arterial wall of the internal carotid artery bulb can have marked variation because it is typically a transitional zone. With regard to various parts of the carotid artery wall imaged by intravascular sonography, there appears to be a continuum of findings. 18 Mural thrombus, freefloating clot, and echolucent disease like neointimal hyperplasia all have a dark appearance, similar to luminal blood flow on conventional gray-scale intravascular sonography. 19 
Intravascular Sonography Characteristics of Specific Plaque Components
Lipid Content. Intravascular sonography studies of the coronary and carotid artery plaques can delineate lipid deposition. These lipid depositions appear as echolucent (hypoechoic) zones within the atherosclerotic plaque. 20 Potkin et al 21 found that in vitro conventional intravascular sonography correctly identified 78% (7 of 9) of lipid-containing plaques that were confirmed by histologic analysis. The sensitivity of the identification of these lipid depositions was dependent on the amount of lipid present within the atherosclerotic plaque. If the echolucent area was smaller than one-quarter of the plaque, the sensitivity of detection was reduced. 22 The interpretation of echolucent areas is complex because a similar signal intensity can be generated by loose tissue and acoustic shadowing from calcium deposits. The ability to differentiate fibrous and fatty tissue also varies depending on the intravascular sonography system used. 23 The stage of plaque progression may be identified by differentiating an unstable atherosclerotic plaque at risk for causing an embolic event from a stable plaque with low thrombogenic potential. Pathologic studies in coronary arteries have demonstrated that plaque rupture is more frequent in eccentric lipid-rich soft plaques with a thin fibrous cap overlying the plaque. [24] [25] [26] [27] [28] [29] [30] A large histopathologic study found an association between stroke and carotid artery plaque rupture and mural thrombosis. 31 Following the initial rupture, the thrombotically active plaques may remain unstable, and further cerebral events may develop during this "vulnerable plaque" state because of subsequent embolization. 31, 32 Studies characterizing coronary arteries have shown an association between sudden death and rupture of a plaque with a necrotic lipid core (echolucent center). Intravascular sonography may be used to identify highrisk asymptomatic patients with carotid lesions by identifying carotid atherosclerotic plaques containing a high proportion of a necrotic lipid core. [33] [34] [35] [36] [37] Further studies by using virtual histology intravascular sonography are required to understand the full potential in regard to validating the interpretation of plaque progression. [37] [38] [39] [40] [41] Plaque Ulcerations. Intravascular sonography has been used to visualize small carotid plaque ulcerations. The risk of cerebral embolism may be increased in the presence of carotid plaque ulcerations, which may predispose to thromboembolic events by releasing plaque materials into the arterial lumen. 6 An apparent hole (small cavity) in the plaque is the classic appearance of an ulceration on intravascular sonography. Fisher and Ojemann 42 applied the phrase "cul de sac" to explain the shape of the ulceration on gross morphology. The prevalence of carotid ulceration varies among patients. Streifler et al 43 and Fürst et al 44 found a high prevalence of ulceration in a select group of patients who underwent carotid endarterectomy.
Characteristics of sonographic modalities used for imaging cerebrovascular circulation
An in vitro study of human carotid arteries conducted by Miskolczi et al 6 found that 29% of the arteries had at least 1 ulceration and that intravascular sonography (90%-100% sensitivity) accurately identified all ulcerated arteries. According to Miskolczi et al, 6 the minimum predefined depth of the ulceration (a minimum of Ն0.5 mm) was within the resolution limits of the intravascular sonography system (Sonicath 30 MHz, 3.5F sonographic probe; Boston Scientific, Natick, Massachusetts). When compared with gross histologic measurements of the ulcerations, the intravascular sonography measurements underestimated the depth of penetration of the carotid plaque ulceration (1.05 Ϯ 0.44 mm versus 1 Ϯ 0.36 mm) and orifice diameter (1.95 Ϯ 0.72 mm versus 1.76 Ϯ 0.59 mm). 6 The investigators concluded that intravascular sonography was a more sensitive technique for the identification of small ulcerations in comparison with digital subtraction angiography, B-mode sonography, duplex sonography, or colorflow sonography. 6 Plaque Calcification. Intravascular sonography can effectively identify calcium deposits within the atherosclerotic plaque. 13 Atherosclerotic plaques that contain calcifications are characterized by a bright echo signal intensity (hyperechoic) with distal shadowing, which may hide other plaque components and deeper vessel structures. 22 Determination of the actual dimensions of the carotid atherosclerotic plaque and the percentage stenosis may be difficult in situations in which intravascular sonography identifies superficial platelike calcifications. 18 Kostamaa et al 45 found that intravascular sonography underestimated the total calcified plaque crosssectional area by 39% because the sonography beam could not penetrate through the intralesional calcium deposits. The identification of arterial calcification is very important because calcification can lead to a noncompliant lesion resistant to balloon angioplasty. The presence of heavy intra-arterial calcification, especially in combination with arterial tortuosity, also causes difficulties in tracking devices, lesion dilation, stent positioning, and adequate stent expansion.
Coronary plaque calcification has been detected with a sensitivity between 86% and 97%, in comparative studies done by using both histology and intravascular sonography. 46, 47 Friedrich et al 48 also studied 50 fresh coronary vessel segments with intravascular sonography and compared their results with the corresponding histologic sections. Intravascular sonography correctly identified 89% (16 of 18) of cases with attenuated calcified plaques, 17% (2 of 12) of cases with microcalcification (small calcium flecks Յ0.5 mm), and 100% (3 of 3) of the cases with a combination of calcified plaque surrounded by small calcium flecks. 48 In an intravascular sonography study of the carotid arteries, Manninen et al 18 similarly found that the macroscopic calcifications were consistently detected, but disseminated microcalcifications were mainly missed.
Mural Thrombus. A mural thrombus may be found attached to the endothelium or to an ulcerated surface of a carotid atherosclerotic plaque and may appear as a thickened echodense region on intravascular sonography. 6 The echodensity and ultimately the visibility of the thrombus in the carotid artery in vivo depend on its red blood cell content. 49 The intensity (echogenicity) increases with increasing red blood cell content. 49 Thrombi that are platelet-rich have a predominantly echolucent (low echogenicity) pattern on intravascular sonography.
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Classification of Plaques Based on Composition
Intravascular sonography characterizes the following components of coronary/carotid atherosclerotic plaques: 1) size of the lipid (echolucent) core, 2) thickness of the fibrous cap, 3) presence of inflammatory cells, 4) amount of remodeling and extent of plaque-free vessel wall, and 5) 3D morphology.
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Vulnerable (unstable) plaques (ie, intra-arterial plaques that have a high probability of rupture) can be detected by using intravascular sonography in both the extracranial and intracranial arterial circulation. 34, 51 Vulnerable (soft) plaques contain a large lipid core, typically making up 40% of the entire plaque. 22 Atherosclerotic plaques containing large amounts of calcification are more stable. The differentiation of "soft" (un- stable) from "fibrotic" (stable) plaque is highly dependent on the gain settings used during intravascular sonography. 52 Structures sized Ͼ160 m can be estimated accurately by intravascular sonography. 22 With intravascular sonography, the areas of the arterial lumen and of the external elastic membrane of the vessel can be measured, with subsequent calculation of the atherosclerotic plaque area. 18, [53] [54] [55] [56] Coronary artery vessels have demonstrated an ability to remodel themselves at the location of the coronary atherosclerotic plaque. Positive remodeling represents the compensatory increase in the local vessel size in response to an increase in plaque burden. Negative remodeling represents the local shrinkage of vessel size in response to an increase in plaque burden. 55 Intravascular sonography can also be used to evaluate carotid artery vessel wall remodeling secondary to the presence of an atherosclerotic plaque.
Limitations of Conventional Intravascular Sonography
The frequency of the transducer, gain settings, depth of penetration, and focal depth are some of the factors that affect the sensitivity of the intravascular sonography imaging. The location and orientation of the imaging probe within the arterial lumen also influence the appearance of the vessel wall structure. 17 Lateral impulse response artifacts can occur when the sonographic catheter is eccentrically placed, resulting in an image that falsely suggests the presence of an intimal flap or ulceration. 6, 57 The dark images obtained through conventional gray-scale intravascular sonography can make it difficult to distinguish the lumen from the dark echolucent plaque. Accurate delineation of the medial adventitial interface, leading to the appropriate sizing and imaging of lesions, has been achieved with intravascular sonography of the carotid arteries between 20 and 40 MHz. 6, 7, 18, 38, 58 An in vitro study found the differentiation of the atherosclerotic plaque from the underlying media may be difficult at times with conventional intravascular sonography. 17, 18 Manninen et al 18 found that optimal resolution in arteries 3-6 mm in diameter was obtained by a 30-MHz transducer, giving a maximum radius of penetration of approximately 5 mm. Miskolczi et al 6 observed that a 30-MHz sonographic system imaged adequately within a distance of 2-3 mm between the intimal surface of the carotid artery and the transducer if the catheter was placed in a central position. However, at times, lesions at the intimal surface may not be adequately visualized because they fall below the resolution limit of the intravascular sonography system being used or they are being obscured by the contents of the atherosclerotic plaque. Deep calcifications within the carotid atherosclerotic plaque may limit the ability of intravascular sonography to evaluate the diameter of the stenosis properly. 17, 18 If the intravascular sonography device is not in the plane perpendicular to the lesion, artifacts may be seen, which may be over-read by an inexperienced operator. 59 Vessel injury or dissection and inadvertent atherosclerotic plaque rupture may rarely occur when the intravascular sonography catheter is passed through an area with a highgrade stenosis. 59 Imaging of the intracranial circulation has been limited due to the difficulty in navigating through the intracranial vessels secondary to the narrow course and marked tortuosity of the vessels.
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Color-Flow Intravascular Sonography Color-flow intravascular sonography was introduced to provide a greater understanding of intraluminal blood flow, lumen size, success of endovascular treatment, and the interface between the vessel wall and the blood stream. 7 Real-time images are produced from the transducer of the intravascular sonography apparatus at 30 frames per second. The difference between 2 sequential adjacent frames is detected by computer software producing the color-flow intravascular sonography images. Red demonstrates the movement of echogenic blood particles through the artery. A transition in the color representation from red to orange is seen when there is a vascular stenosis, resulting in an increase in the speed of blood through that segment. 7 The main benefit of color-flow intravascular sonography lies in its ability to distinguish luminal blood flow from the dark echolucent disease along the vessel wall. 19, 60, 61 Color-flow intravascular sonography can also identify soft echolucent plaques, ulcerations, thrombus, and arterial dissections. 19 In the case of arterial dissections, the probe should be placed in the true lumen, where there is better blood flow visualization. 7 A reduction in conventional angiography and total radiation dosage was observed after the introduction of color-flow intravascular sonography in percutaneous coronary interventions. 19 Diethrich et al 7 used color-flow intravascular sonography with fluoroscopy alone to treat patients and deploy stents and endoluminal grafts, avoiding the use of conventional angiography in patients with renal failure or contrast allergy. Following intervention, the demonstration of blood flow through color-flow intravascular sonography enabled the treating physician to evaluate the success of the treatment, without the use of angiography. 7 Accurate stent deployment at the site of the origin of the common carotid artery, from the aortic arch, is another potential clinical application of the color-flow sonography. 62 Due to the curvature of the aortic arch, relying on angiography alone for the accurate stent placement of occlusive disease is difficult. Fluoroscopy can be used to visualize the radiopaque color-flow intravascular sonography transducer and guide it into position. Once the transducer is moved from the stenotic area into the aorta, the color-flow intravascular sonography can detect a sudden change in the size of the color flow. This sudden change in the color flow enables the precise identification of the origin, ultimately leading to a more accurate stent deployment. 62 Irshad et al 19 used a 3.5F 20-MHz intravascular catheter that used ChromaFlo computer software (EndoSonics, Rancho Cordova, California) to demonstrate blood flow in Ͼ100 peripheral interventions. Color-flow intravascular sonography assisted in balloon catheter angioplasty when treating stenotic arterial lesions, according to the authors' interpretation. The results obtained through angiographic measurements alone were inconsistent when compared with the measurements obtained by intravascular sonography. Irshad et al 19 treated a patient with a critically ischemic foot with what angiographically was assessed to be a minimal superficial femoral artery stenosis. Color-flow intravascular sonography measurement of the stenotic lesion found it to be a 70% crosssectional area reduction. A Jostent covered stent (Abbott Vascular, Redwood City, California) was placed after it was determined that balloon angioplasty had not improved the stenosis when assessed by intravascular sonography. It is anticipated that color-flow intravascular sonography may be used in a similar manner to evaluate the intracranial and extracranial environment.
The short scanning diameter is a limitation of color-flow intravascular sonography. ChromaFlo imaging was found to have a 14-mm scanning diameter. 19 The entire vessel lumen may not generate a colored signal intensity, especially if the probe is against the vessel wall in a large artery. Blood flow may not be detected in the case in which large-caliber sheaths are used, due to the possibility that the catheter itself may impede the flow of blood through the vessel. 7 Despite high image resolution with this technique, flow velocities cannot be calculated. Color flow cannot be performed when virtual histology intravascular sonography images are obtained because the software that is used to acquire and interpret the data is different for each technique. Furthermore, color-flow intravascular sonograms are not gated with the heart rate. 
Virtual Histology Map by Intravascular Sonography
The components of the vessel wall reflect the sonography signal intensity at different frequencies and intensities, creating an opportunity for histologic details to be detected through the generation of a virtual histology intravascular sonography map. With autoregressive analysis of radio-frequency signals, real-time dynamic assessment of plaque morphology can be performed. 63 This technique enables the creation of a virtual histology map of the atherosclerotic plaque, distinguishing between its various contents. The plaque may contain a varying amount of fibrous material, fibrofatty content, calcium deposits, and a lipid core. 7 A histologic classification and a colorcoded map of the plaque can be produced as a result of the comparison of virtual histology maps with the true histologic sections of diseased coronary arteries. A color-coded map currently provides detailed information about the contents of the plaque: dark green represents fibrous material, yellow/green represents fibrofatty content, white represents calcified deposits, and red represents the necrotic lipid core (Fig 3) . [64] [65] [66] Accurate information regarding the composition of the carotid atherosclerotic plaque can guide the neurointerventionalist to determine the resistance to balloon dilation or the potential for embolic phenomenon. 7, 24 The Carotid Artery Plaque Virtual Histology Evaluation study was performed by Diethrich et al 67 to determine the diagnostic accuracy of the virtual histology intravascular sonography imaging of carotid plaque and to assess the feasibility of this technique in identifying carotid atherosclerotic plaque with embolic potential in patients undergoing carotid artery stent placement. Thirty patients were nonrandomly selected to participate in a single-center prospective 2-arm feasibility study. In the first arm, 15 patients underwent virtual histology intravascular sonography evaluation of the carotid plaque with a cerebral protection device, immediately followed by carotid endarterectomy. 67 In the second arm, 15 patients underwent a preliminary virtual histology intravascular sonography mapping of the carotid atherosclerotic lesion with a cerebral protection device in place, before carotid artery stent placement. The findings of virtual histology intravascular sonography were in agreement with those of true histology (acquired from surgical specimens) in different carotid plaque types, demonstrating a strong diagnostic accuracy for each component as follows: 99.4% in thin-cap fibroatheroma, 96.1% for calcified thin-cap fibroatheroma, 85.9% in fibroatheroma, 85.5% for fibrocalcific atheroma, 83.4% in pathologic intimal thickening, and 72.4% for calcified fibroatheroma. 67 Interpretation of the results of virtual histology maps requires experience. An increase in computing speed and improved software for interpretation are also needed. The modalities of color flow and virtual histology cannot be used simultaneously. The process is time-consuming, because adjustments to the borders that delineate the plaque are usually necessary, sometimes requiring multiple placements of the intravascular sonography transducer across the lesion. Metal stent struts can be misread as calcification, colored white on virtual histology intravascular sonography, limiting its value after percutaneous carotid stent placement. 7 Okubo et al 63 found that the virtual histology function of the intravascular sonography overestimated the presence of the necrotic core in the atherosclerotic plaque when located particularly close to the vessel lumen, potentially leading to an overestimation of a thin-cap fibroatheroma.
Integrated Backscatter Intravascular Sonography
Integrated backscatter intravascular sonography reflects the tissue characteristics of human coronary atherosclerotic plaque composition by using a different algorithm than the virtual histology intravascular sonography mapping. Similar to virtual histology intravascular sonography, the integrated backscatter intravascular sonography also produces a colorcoded map of the atherosclerotic plaque. The color-coded map generated by integrated backscatter represents slightly different components in the atherosclerotic plaque: fibrous (green), dense fibrosis (yellow), lipid pool (blue), and calcification (red). 63 Tissue characterization is distorted when the lesions are not perpendicular to the axis of the intravascular sonography probe. 63 Angular scattering behavior depends on the type of plaque insonated. Plaques largely composed of calcified or fibrous tissue have a larger angular scattering behavior versus the normal and fatty plaque. 68, 69 Similar to the limitations of conventional intravascular sonography, the angle of dependence necessary to accurately visualize the atherosclerotic plaques depends on the strength of the signal intensity produced by the intravascular sonographic equipment being used. 63 Integrated backscatter intravascular sonography, similar to conventional intravascular sonography, is limited in its ability to visualize atherosclerotic plaques that contain a calcified layer due to the obscuration by calcification. Acoustic shadowing of the sonographic signal intensity is also seen when the tissue being evaluated is covered by stents, making the integrated backscatter intravascular sonography ineffective. 63 Atherosclerotic plaques that have an attenuated fibrous composition may also lead to acoustic shadowing mimicking the signal intensity produced by calcification. 63 Okubo et al 63 discussed the possibility that the presence of the guidewire, used during in vivo studies, may decrease the diagnostic accuracy of such intravascular sonography. The detection of intra-arterial thrombus requires the analysis of integrated backscatter intravascular sonographic values in multiple cross-sections with time.
Okubo et al 63 found that integrated backscatter intravascular sonography led to a false-positive diagnosis of lipid-rich lesions, when in actuality, the histologic analysis showed that the atherosclerotic plaques were made up of smaller lipid accumulations within a predominantly fibrous lesion. In this particular study, integrated backscatter intravascular sonography overestimated lipid-rich lesions and underestimated fibrous lesions. 63 
Comparison of Integrated Backscatter and Virtual Histology Sonography Mapping Techniques
Both the integrated backscatter and virtual histology intravascular sonography modalities evaluate the composition of atherosclerotic plaques. Okubo et al 63 compared integrated backscatter sonographic images acquired by a 40-MHz mechanically rotating intravascular sonography catheter (Atlantis, Boston Scientific) with the virtual histology intravascular sonography images acquired by a 20-MHz phased array catheter (Virtual Histology Version 1.4; Volcano, San Diego, California) in coronary arteries of cadaveric specimens. The investigators found that integrated backscatter intravascular sonography was more accurate compared with virtual histology intravascular sonography for tissue characterization of atherosclerotic plaques assessed by actual histology. In the qualitative comparison, the overall agreement between histologic and integrated backscatter-intravascular sonography diagnoses was higher ( ϭ 0.81; 95% CI, 0.74 -0.89) than that of the virtual histology intravascular sonography diagnoses ( ϭ 0.66; 95% CI, 0.56 -0.75). The percentage fibrosis area determined by integrated backscatter intravascular sonography correlated highly with the relative area of fibrosis identified on histology (r ϭ 0.67, P Ͻ .001). 63 In the quantitative comparison, the overall agreement between the histologic and integrated backscatter intravascular sonography diagnoses was higher ( ϭ 0.83; 95% CI, 0.75-0.91) than that of the virtual histology intravascular sonography diagnoses ( ϭ 0.73; 95% CI, 0.63-0.83).
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Microbubbles
Site-targeted acoustic contrast agents have been used to help further identify specific vascular pathology as an adjunct to intravascular sonography. Contrast agents injected during an in vitro intravascular sonography accurately enhanced the intraluminal contours. 70 Lanza et al 71 successfully demonstrated the ability to visualize a vascular thrombus after exposure to a site-specific contrast agent in an in-vitro study. Most studies using this technique have focused on the coronary artery circulation, with very limited study of the carotid circulation.
Studies suggest that proliferation of the vasa vasorum (blood vessels in the adventitial layer), dynamic structural changes in the adventitia, and intraplaque hemorrhage in coronary atherosclerotic plaques precede or occur concomitantly with plaque inflammation and instability. [72] [73] [74] Increased neovascularization of the vasa vasorum and atherosclerotic plaques can be traced with contrast-enhanced intravascular sonography. Lipid microbubbles have been used extensively to identify inflammation within the plaques because these lipid microbubbles are phagocytosed by macrophages within the inflamed plaque. 75 Subsequently, these phagocytosed microbubbles generate characteristic echogenic features that can be used to identify their distribution within the plaque with realtime intravascular ultrasonography. [76] [77] [78] Vavuranakis et al 76 used contrast enhancement with microbubbles in both animal and human models to detect blood flow into the coronary lumen and perivascular flow, as part of contrast-enhanced sonographic images. 79 In a porcine model, 11 regions of interest within the left anterior descending coronary arteries and left circumflex arteries, including perivascular structures, were compared with corresponding gray-scale intravascular sonography levels before and after the injection of SonoVue contrast (0.06 mL/kg; Bracco Diagnostics, Princeton, New Jersey). A significant (P ϭ .018) enhancement was found in the echogenicity of the total perivascular space (adventitial region and perivascular vessels), as indicated by an increase in gray-level intensity from 8.33 Ϯ 0.80 (before) to 10.11 Ϯ 0.88 (after microbubble injection). 76 A significant enhancement of the 11 selected regions of interest (perivascular structures) was also recorded after the injection of microbubbles (from 7.92 Ϯ 2.14 to 14.03 Ϯ 2.44; P ϭ .008). 76 In the human study, Vavuranakis et al 79 examined the attenuation of the vasa vasorum in asymptomatic coronary atherosclerotic plaques of 16 patients with acute coronary syndrome, comparing gray-scale intravascular sonography signals before, during, and after intracoronary injection of microbubbles. Qualitative and quantitative analysis of the preand postinjection images showed a significant enhancement in the gray-scale intensity of intima-media and adventitia after injection (intima-media, from 6.0 Ϯ 2.5% to 7.9 Ϯ 3.3%, P ϭ .006; adventitia, from 7.1 Ϯ 2.2% to 7.6 Ϯ 2.5%; P ϭ .035). 79 These studies demonstrate another potential diagnostic use of contrast-enhanced intravascular sonography in characterizing atherosclerotic plaques.
The carotid arteries are also perfused by the vasa vasorum; therefore, the atherosclerotic plaques are subject to the same phenomenon as that found in the coronary circulation.
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Comparison of Intravascular Sonography and Angiography
Intravascular sonography has an advantage over angiography because it provides images from within the vessel, has greater resolution without having to penetrate the extravascular soft tissues, and provides 3D assessments. 83 Intravascular sonography may have higher sensitivity for detecting intimal thickening, concentric plaques, plaque surface ulceration, and the presence of calcifications than digital subtraction angiography. 84 Manninen et al 18 found that contrast-enhanced angiography of a variety of carotid arteries did not detect 10 calcifications that were all visualized with intravascular sonography. Digital subtraction angiography visualized 5 of 17 (29%) intimal thickenings that were all successfully imaged with intravascular sonography. 18 Manninen et al 18 found that digital subtraction angiography of the carotid arteries also missed 2 concentric stenoses Ͼ20% that were detected by intravascular sonography. Similarly, angiographic contrast agents injected within the coronary arteries can provide very little information regarding perivascular blood flow within the vasa vasorum. 76 However, intravascular sonography can detect blood flow in perivascular vessels as a result of contrast-generated signal intensity from flowing microbubbles after proper image analysis. 76 Case reports and observational studies support the advantages of visualizing the common carotid artery using intravascular sonography over common carotid angiography, when evaluating the degree of stenosis within the arterial lumen. A 50% stenosis of the left common carotid artery was revealed with an angiogram, whereas an 87% lumen area stenosis with complex superficial calcification was measured from images acquired by using the intravascular sonography in the same patient. 83 The results of digital subtraction angiography can be obscured by heavy calcification of the vessel border. 83 Intravascular sonography has also demonstrated the protrusion of superficial calcification within the lumen of the common carotid artery. 83 Similarly, intravascular sonography revealed some degree of stenosis in 80% of angiographically normal left main coronary arteries after percutaneous transluminal coronary angioplasty. 85 A more accurate assessment of carotid artery stent dimensions, expansion, and apposition can be obtained through intravascular sonography, compared with quantitative carotid angiography. Clark et al 13 found that the measurements provided by intravascular sonography of the internal carotid artery stent minimal lumen diameter were significantly smaller than those provided by quantitative carotid angiography (3.65 Ϯ 0.68 versus 4.31 Ϯ 0.76 mm; P Ͻ .001). Intravascular sonographic measurements of the minimal lumen diameter of the distal internal carotid artery reference segment (nonstented) were similar to those of quantitative carotid angiography (4.60 Ϯ 0.74 mm versus 4.74 Ϯ 0.71 mm; P ϭ .21). 13 In 11% of cases, intravascular sonography also found stent malapposition. 13 After an optimal result was judged based on angiograms, intravascular sonographic findings led to additional treatment in 9% of patients (10 patients). Four patients required stent expansion, 3 patients required additional stents to achieve better plaque coverage, and 3 patients were found to have stent malapposition. 13 Intravascular sonography was more sensitive than angiography in the detection of calcium within the arteries (61% versus 46%; P Ͻ .05). 13 When 3 or 4 quadrants of the carotid arteries were found to have superficial lesion calcification by intravascular sonography, there was a 31% incidence of ischemic stroke; however, there was a 1% incidence of ischemic stroke in patients without severe superficial calcification within the vessel. 13 Reduced stent expansion and less stent symmetry were seen in patients who had severe superficial calcium identified by intravascular sonography.
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Safety of Intravascular Sonography
Intravascular sonography has been a relatively safe procedure in the extracranial and intracranial circulation. However, it is difficult to maneuver the catheter through heavily stenotic lesions and through the tortuous intracranial circulation. The sonography catheter itself may disrupt an atherosclerotic plaque, releasing plaque material, which may lead to embolic stroke. Some investigators recommend heparinization while performing the intravascular sonography to avoid the development of thrombosis. Räsänen et al 16 successfully performed intravascular sonographic evaluations of the extracranial carotid arteries of 27 patients (age range, 17-75 years) without any complications. Manninen et al 18 did not encounter any adverse effects in 22 patients who underwent in vivo intravascular sonography imaging of their carotid arteries. Similarly, Weissman et al 86 did not encounter an adverse event in 102 patients during distal internal carotid artery and common carotid artery imaging by intravascular sonography. An observational study conducted by Clark et al 13 found a procedural success of 97% when using intravascular sonography during percutaneous carotid artery stent placement. At 30 days postprocedure, the stroke rate and combined stroke or death rate was 5% and 6%, respectively. 13 One patient had a common carotid artery perforation but ultimately had a successful procedural outcome. 13 One case report demonstrated the feasibility and safety of intravascular sonographyϪguided stent angioplasty of an iatrogenic extracranial vertebral artery dissection. 87 Takayama et al 88 also did not encounter any complications during the virtual histology intravascular sonography evaluation of a symptomatic intracranial right vertebral artery stenosis. Similarly, Wehman et al 9 demonstrated that the intravascular sonography mapping of a basilar artery stenosis can be safely performed.
Intravascular Sonography to Study the Effects of Therapeutic Interventions
Intravascular sonography has been used to monitor atherosclerotic plaque characteristics and atheroma volume in patients who have been actively treated with a variety of lipidlowering pharmacological agents such as an 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor (statin), recombinant apolipoprotein A1 Milano-phospholipid complexes, and torcetrapib. 1,2,58,89-101 The effects of intensive modification of a number of established risk factors like lipid levels and blood pressure on plaque burden can be quantified by using serial intravascular sonographic evaluations. 102, 103 Clementi et al 104 used virtual histology intravascular sonography at baseline and after 6 months of treatment to evaluate 29 plaques in 25 patients with diabetes mellitus and angiographic evidence of nonsignificant coronary lesions. Patients were treated with 80 mg of atorvastatin and 30 mg of pioglitazone daily for 6 months. The mean elastic external membrane volume (343.9 versus 320.5 mm; P Ͻ .05) and mean total atheroma volume (179.3 versus 166.6 mm; P Ͻ .05) were significantly reduced between baseline and follow-up, leading to a 6.3% mean reduction in total atheroma volume. 104 Areas of fibrous tissue, fibrolipidic tissue, and calcium decreased during the 6 months of follow-up. The necrotic core of the coronary atheroma increased from 9% to 14% (P Ͻ .05). 108 ) have demonstrated that pharmacologic interventions can lead to plaque regression in various arterial beds. 109 The double-blind randomized clinical trial, Assessment on the Prevention of Progression by Rosiglitazone on Atherosclerosis in Diabetes Patients with Cardiovascular History trial, will be using serial intravascular sonography studies to evaluate the progression of coronary atherosclerosis in high-risk patients with coronary artery disease and type 2 diabetes mellitus, randomized to either rosiglitazone or glipizide treatment for 18 months. The primary end point of this clinical trial is the change in percentage atheroma volume, as measured by intravascular sonography, from baseline to study completion in a nonintervened coronary artery. 110 Virtual histology intravascular sonography will also be used in the multicenter randomized placebo-controlled trial, Pioglitazone for Prevention of restenosis in diabetes, with complex lesion (PIPER) trial.
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Intravascular Sonography and Percutaneous Carotid Artery Stent Placement Intravascular sonography assists in extracranial and intracranial stent placement by helping select the correct stent diameter and the amount of balloon inflation pressure required during angioplasty. 9, 11, 12, 14, [111] [112] [113] In preparing for balloon inflation, identification of arterial calcification is important because the calcification can produce a noncompliant lesion that necessitates the use of high balloon-inflation pressures. 114 In addition, the images provide an accurate method for understanding whether the stent deployment has expanded the lumen to the desired size or if there is a need for further poststent balloon angioplasty. 9, 12, 38, 115 The length of the stent necessary to cover coronary lesions completely has been determined through the measurements made by intravascular sonography. 116, 117 Intravascular sonography has been used in a similar fashion in extracranial and intracranial arterial stenoses. 9 Intravascular sonography measures the minimum lumen diameter and minimum lumen area during pre-and postpercutaneous carotid artery balloon angioplasty and stent placement (Fig 4) . The gray-scale intravascular sonography accurately determines the poststent lumen diameter. 118 Irshad et al 38 recommended using gray-scale or color-flow intravascular sonography instead of virtual histology maps when confirming proper stent deployment.
Intracranial Application of Intravascular Sonography
Intravascular sonography may be used to identify carotid artery atherosclerotic plaques in high-risk asymptomatic pa- tients so that treatment can be rendered before the development of stroke, transient ischemic attack, or retinal ischemic events. Similarly, intracranial stenoses may be better visualized and characterized on the basis of their composition, plaque area and percentage stenosis, which may guide the treatment chosen. Meyers et al 119 reported the results of intravascular sonographic imaging of the intracranial circulation in a 35-year-old man with recurrent ischemic strokes. Intravascular sonography identified an 85% occlusion of the petrous portion of the right internal carotid artery due to an atherosclerotic plaque with intraplaque hemorrhage. 119 The findings of intravascular sonographic imaging led to an intracranial stent-supported angioplasty.
Virtual histology intravascular sonography (Eagle Eye Gold, 2.9F, 20-MHz catheter; Volcano) has been used to image a percutaneous transluminal angioplasty and stent-treated symptomatic intracranial right vertebral artery stenosis to characterize the plaque and guide treatment, according to Takayama et al. 87 The lesion was predilated by using a balloon catheter. With the conventional intravascular data, the vessel media diameter was found to be 5.9 ϫ 6 mm. 87 The plaque components were identified through the virtual histology analysis: fibrous (72%), fibrofatty (17%), necrotic core (7%), and attenuated calcium (4%) components. 87 Virtual histology intravascular sonography demonstrated the ability to identify a stable plaque and provide a better estimate of the size of the balloon-expandable stent needed for treatment. Takayama et al 87 acknowledged that virtual histology intravascular sonography differentiated the atherosclerotic plaque causing the stenosis as being unstable or stable or containing high calcification. Wehman et al 9 also successfully applied intravascular sonography to evaluate a re-stenotic atherosclerotic lesion of the basilar artery before stent placement, without complication.
Intravascular Sonography and Restenosis
Vascular remodeling after angioplasty and stent placement can be evaluated with intravascular sonography. 120 Factors predisposing to restenosis such as postangioplasty lumen diameter, area, and plaque percentage can be quantified by intravascular sonography. 121 A higher risk of restenosis has been found when a small postprocedural carotid stent diameter and reduced stent expansion were identified by intravascular sonography. 13, [122] [123] [124] Stent underexpansion and deformity were not reliably detected before imaging by intravascular sonography. 125, 126 Findings of intravascular sonography imaging have suggested that balloon-expandable endovascular stents within carotid arteries may be subject to 2 types of compressive forces that lead to stent deformation and restenosis: 1) 2-point compressive force causing eccentric deformation, and 2) multidirectional compressive force causing complete circumferential encroachment of the stent struts around the catheter. 125, 127, 128 Rosenfield et al 125 found that intravascular sonography (20 MHz, 3.5F; Sonicath, Boston Scientific) was more sensitive than angiography when detecting restenosis of endovascular stents secondary to stent compression. In another study, 3F Atlantis SR Pro 40-MHz intravascular sonography (Boston Scientific) was used to evaluate the degree of stenosis and the mechanism leading to the restenosis of a stent within the extracranial left vertebral artery, which was placed 5 months before imaging. An approximate 66% stenosis was seen distal to the stent on CT angiography, and an approximate 40% stenosis was found with a cerebral angiogram. Intravascular sonography demonstrated an approximate 70% degree of stenosis and new plaque formation at the distal margins of the stent as the culprit for the restenosis, instead of intimal hyperplasia, ultimately guiding the treatment decision.
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Intravascular Sonography: Aneurysm and Dissection Intravascular sonography can complement MR imaging and 3D-CT angiography in the treatment and diagnosis of cervical arterial aneurysms. Intravascular sonography mapping was used to identify a carotid artery aneurysm proximal to a stent graft, initially placed to treat radiation-induced carotid arteriopathy. 129 Intravascular sonography also accurately measured the most distal and proximal extents of an intracranial dissection of the left internal carotid artery and identified whether the entire length of the dissection was covered by the stents after treatment. 9, 130, 131 The confirmation that the entire dissected lesion has been covered by stents is important because recanalization can occur from a distal damaged section in the event that only the proximal entry point of the dissection is treated. 9 Color-flow intravascular sonography imaging can demonstrate trace flow of blood into the true lumen of an arterial dissection.
Aneurysm wall composition, intra-aneurysmal contents (eg, thrombus or calcification), and the aneurysm neck can be better defined by using intravascular sonographic imaging. 11, 132, 133 The diagnosis of a dissecting aneurysm or pseudoaneurysm is supported by intravascular sonography when a defect of both the hypoechoic (dark) signal intensity of the normal media and the hyperechoic (white) signal intensity of the adventitia are found.
Intravascular ultrasonography has been used in the treatment of an iatrogenic extracranial vertebral artery dissection following a coil embolization of an unruptured right posterior inferior cerebellar artery aneurysm to assist in the placement of a stent and to confirm the true vessel lumen and evaluate the appropriate stent apposition. 87 Another case report described intravascular sonographyϪguided stent angioplasty of an iatrogenic extracranial vertebral artery dissection.
87
Intravascular Sonography: Venous Circulation Intravascular sonography has also been used to evaluate the venous circulation. Shindo et al 134 used intravascular sonography to map the multiple channels formed by a dural arteriovenous malformation; with the information obtained, transvenous embolization could be performed at the exact fistulous site. Gasparis et al 135 also used intravascular sonography to demonstrate significant compression of the inferior vena cava below the renal veins and to guide stent placement.
Future Utility of Intravascular Sonography
With the use of the various intravascular sonographic modalities, a reduction in the rate of ischemic strokes during and after the percutaneous carotid artery stent placement may occur because of identification of intraluminal thrombus and/or carotid plaque histology patterns vulnerable to embolic events. 118, 136 Ruptured plaque or thrombus identified with in-travascular sonography after stent evaluation may modify the decision to use intravenous heparin or glycoprotein IIB/IIIA inhibitors before the removal of the distal embolic protection device, ultimately reducing poststent embolic events. 13, 118, [137] [138] [139] [140] [141] [142] [143] Intravascular sonography can also be potentially used during the treatment of an acute ischemic stroke to help identify the exact composition of the obstructing lesion-calcified versus fibrous versus soft clot. A more aggressive mechanical disruption/ retrieval strategy may be advocated in the presence of calcific or fibrotic occlusion.
Conclusions
Intravascular sonography provides another potential diagnostic tool to complement the other diagnostic modalities within the already existing neurointerventional practice. Additional benefits may include the following: 1) identification of highrisk patients who should be treated, 2) decrease in postprocedural complication rates, and 3) more accurate identification of postprocedural vascular improvement. Intravascular sonography is currently an underused diagnostic tool during treatment of extracranial and intracranial arterial diseases. Through technical advancement in different intravascular sonographic modalities and availability of smaller catheter sizes, the intra-arterial and intravenous vasculatures can now be better visualized, leading to more accurate information, which can be obtained before and after a medical or endovascular intervention. Continued application and generation of new data pertaining to these modalities in both the intracranial and extracranial circulation is needed to provide a more evidence-based incorporation into clinical practice. 
